ABSTRACT. Gatta, G., P. Benelli, and M. Ditroilo. The decline of swimming performance with advancing age: A cross-sectional study. J. Strength Cond. Res. 20(41:932-938. 2006.-The aim of this cross-sectional study was to measure the swimming parameters-speed (V), stroke frequency (SF), and stroke length (SL)-in 162 male athletes aged 50-90 (divided into 7 age groups, from A to G) participating in the World Master Championships in the 200-m freestyle event, and to analyze the rates and magnitudes of their age-associated declines. The swimmers were video-recorded by 2 digital cameras during the competitions and the swimming parameters related to every 50-m section (lap) and to the entire race laverage) subsequently measured or calculated. Lap V and SF decreased in the second and third quarter (11 and 4% on average) and increased i3"/t on average) in the fourth quarter of the race, whereas lap SL decreased from the first to the last 50-m section. Average Vims ') decreased from 1.39 ± 0.09 (group A) to 0.84 ± 0.11 (group G); average SL (m) decreased from 2.10 ± 0.20 (group A) to 1.78 ± 0.19 (group G); and average SF (cycles-s ') decreased from 0.67 ± 0,06 (group A) to 0.47 ± 0.04 (group G). One-way analysis of variance showed significant declines in average V, SL, and SF (p < 0.01) across the 7 groups. The swimming parameters were normalized to tbe highest values (set equal to 100); thereafter, a linear regression curve was fitted and the regression equations calculated. Decline of SF was about 2.5 times steeper than that of SL. It was highlighted that (a) among the swimming parameters, SL is less affected by the ageing process; (b) SL decreased from group A through group C and thereafter tended to keep steady, whereas the trend for SF was opposite. The results have the potential to give master swimmers and their coaches useful information for training program design, KF,Y WORDS, stroke frequency, stroke length, master swimmers, ageing
INTRODUCTION
-^« n cyclical sports, the length of distance covered A I and the frequency of each cycle represent 2 var-T I iables that are widely used in sport techniquê analysis. These spatial and temporal variables were studied in various sports such as running (e.g., 6 ), cychng (e.g., 16 ) and rowing (e.g., 22) . Among the components affecting swimming performance, stroke frequency {SF) and stroke length (SL) are widely regarded as kinematics factors of pivotal importance. Usually SF is measured in cycles s ' and SL is measured in m cycle "^; therefore, swimming speed (V), in m-s ', is equal to:
V -SL-SF (1) An increase in V is achieved by an improvement of either SL or SF, or both.
At the beginning of the 1970s, the first studies regarding the relationship between SL, SF, and swimming performance were conducted (14) . The high interindividual variability of both of these parameters (30) , along with the facility that coaches have in measuring and controlling them during the diverse training phases, have attracted the interest of many researchers. Therefore, after the initial obsei-vations, many other investigations have been carried out to determine the influence of different variables on the stroke parameters SL and SF. The studies conducted have delved into the influence of gender (11, 26) , age (26, 35) , different swimming stroke specialties (2, 9, 10, 11, 24, 29) , swimming distance (10, 14, 24, 25) , performance level (7, 9, 26) , type of training (1, 32, 38) , and anthropometric characteristics (20, 25, 26) . However, in some cases the results have been found to be controversial (17) . In summary, it has been demonstrated that (a) high-level swimmers have a longer SL (11, 26) ; (b) SL is an important index of swimming efficiency (33) ; (c) SF and SL show a linear relationship until the swimmer reaches a speed corresponding approximately to the anaerobic threshold, beyond which SF increases whereas SL decreases (10, 11, 19, 37) ; (d) SF has a good positive correlation with arm strength (5) and lactate production but a negative correlation with VOamax (20, 36, 39) . These findings prove that there is a relationship between the stroke parameters and the energetic and propelling mechanisms of swimming.
Master swimmers, athletes who continue to train and compete well beyond middle age, have been receiving considerable scientific interest. In fact, swimming is often considered the ideal sport for older adults because of a lower risk of injury and because of its cardiovascular and musculoskeleta! benefits. The use of master athletes to describe an idealized rate of physiological loss associated with ageing is quite common. However, the available literature on master swimmers focuses especially on agerelated changes in swimming performance (13, 31) and metabolism efficiency (28) . To the best of our knowledge, the changes in stroke parameters with increasing age have not previously been analyzed. Such an analysis is important in order to understand the cause of the decline in swimming performance with advancing age. Accordingly, the primary aim of this study was to measure the swimming parameters (V, SF, and SL) of several swimmers of different ages, ranging from 50 to 90 years, and to analyze the rate and magnitude of their ageassociated declines. It is hypothesized that the ageing process (a) causes a linear decrease in the swimming parameters and (b) causes similar rates of decline in SF and SL.
METHODS

Experimental Approach to the Problem
A cross-sectional design was used in order to assess how the stroke parameters were affected by ageing. The 200- m freestyle was judged the best event for the analysis because it is well known that shorter and longer events are characterized respectively by extremely high and low SF (17, 19) . For measurement of the stroke parameters, the participants were video-recorded during competition (i.e., world championships), because it was hypothesized that this would be a challenging situation for achieving their best performance. Furthermore, it was assumed that most participants in world championships are highly-trained athletes, thus reducing the limitations of crosssectional age comparisons in the general population (31) .
Subjects
The subjects were 162 male swimmers participating in the 10th Fina World Master Championships, held in Riccione, Italy, in June 2004. They gave their written informed consent for participating in the study, which had been previously approved by the Human Ethics Committee of the University of Urbino, Italy. The swimmers, distributed over an age range of 50-90 years, took part in the 200-m freestyle event, and were divided into age groups as presented in Table 1 . Subjects 80 years old and older were gathered in only 1 group, group G, because otherwise more fragmented formations would have been too small. Table 2 shows the swimmers' performance levels, comparing, in each group, the best and worst average V to the world record, which was set equal to 100. In 2 cases, a new world record was sot.
Procedures
The competitions were performed in a 50-m indoor swimming pool. Two digital video cameras (Sony Dcr-HclOOOE; Tokyo, Japan) were set up on both sides at about 10 m over the swimming pool allowing a view of all 8 lanes. The optical axes of the cameras were about 45° to the horizontal plane of the water. Video images were collected at 50 Hz and subsequently analyzed by the same evaluator, thus reducing interevaluator variability. Stroke frequency was measured in cycles s ' during 3 strokes performed in the middle of the swimming pool. This measure was collected each 50-m quarter; thus, 4 lap SF values and the average SF value were obtained. In order to assess the intraevaluator variability of this procedure, the SF values for each swimmer were measured 3 times and an analysis of variance (ANOVA) with repeated measures was used. The intraclass correlation coefficient was >0.89. Swimming speed was calculated for each 50-m section (lap V) and over the entire race (average V) from the printed output of the pool's automatic timing device. For V calculation, the time spent for diving, turning, and gliding was considered without taking into account Chollet's correction (8) . There was in fact evidence of a high interindividual technical variability of these phases in the groups considered. This method will not allow comparisons with data collected from clean swimming by other authors. It is in any case possible to compare the results of the different age groups considered in this study. Lap and average SL were calculated simply by dividing V by SF.
Statistical Analyses
Standard descriptive statistics (mean and SD) were computed, when appropriate, for measured and calculated parameters. Simple ANOVA was used to compare the swimming parameters across the 7 groups considered. Data were analyzed for normality of distribution (kurtosis and skewness were both between -1.9 and 0.1). A Tukey honestly significant difference (HSD) post hoc test was performed when F was declared significant at p < 0.05. Bivariate regression analysis was used for determining the slope with which the swimming parameters decreased with advancing age. The level of confidence was set at p < 0.05. The statistical analyses were carried out on Statistica (version 6.1; StatSoft, Vigonza, Italy).
RESULTS
There was a general pattern of decline in average V, SF, and SL with advancing age, as depicted in Figure 1 Table 3 illustrates respectively lap V, SF, and SL values in each 50-m section of the race. Lap V decreased in the second and third quarter (11 and 4% on average) and increased (3% on average) in the fourth quarter of the race. A similar trend was revealed for lap SF in the 7 groups considered. This was not observable in lap SL, which decreased from the first to the last 50-m section. The percentage declines from first to fourth quarter for groups A, B, C, D, E, F and G were 9.7, 7.7, 12.8, 14.7, 15.2, 14.75, and 13.0%, respectively. The values (mean ± SD) of average V, SF, and SL across the 7 groups are presented respectively in Figures 2, 3 , and 4. Average V decreased somewhat linearly from group A to group G. The 1-way AN-OVA showed a significant decline (F -57.46, p < 0.001) across the 7 groups. The post hoc analysis (Tukey HSD test) revealed absence of significant difference only between groups C and D, groups D and E, and groups E and F (p > 0.05). Average SL and SF significantly decreased across the 7 groups (F ^ 6.62, p < 0.001; F = 25.26, p < 0.001). The post hoc analysis for the average SL parameter showed a significant difference hetween group A and groups C, D, E, F, and G (p < 0.05 for all comparisons), and between group B and groups D, E, F, and G (p < 0.05 for all comparisons). In contrast, average SF stayed at an approximately steady level from group A to group D, but tbese groups were signficantly different from groups E, F, and G {p < 0.05 for all comparisons). Furtbermore, group E and group G were significantly different from eacb other (p < 0.05). Tbe degree of variability in the measured parameters did not change witb increasing age. In order to assess tbe relative decrease of average V, SE, and SL witb advancing age, tbe mean values of tbe 50-55 age group were set equal to 100 and tbe otber groups' values were calculated as a percentage of tbe youngest group's values. Furtbermore, a linear regression curve was fitted and tbe regression equations calculated as sbown in Figure 5 . The decline in SE is ahout 2.5 times steeper tban the decline in SL, as illustrated by tbe slopes of tbe regression lines.
DISCUSSION
The main purpose of this study was to determine tbe agerelated trend of tbe swimming parameters V, SL, and SF during the 200-m freestyle in male swimmers aged 50-90. Within the swimming parameters, average V revealed a good inverse linear relationship with age. Average SF and SL, although showing a negative correlation with age, exhibited much higher variability. The high interindividual differences of SL and SF are well known to be present in swimmers ranging from nonskilled (9, 26) to top-level (11) . Therefore, the variability appears to be an intrinsic feature of the stroke parameters, regardless of age, gender, or swimmers' level. However, this represents a restriction when the aim is to estimate population parameters from a sample or for detecting a general trend of the parameters analyzed.
The swimming parameters measured in every 50-m section ofthe 200-m event exhibited a similar trend in all the age groups considered. As would be expected, V was high at the beginning of the race because the swimmer was still fresh and also because it included the distance attained with the start. In the second and third quarters, a decrease was caused by the arising of local muscular fatigue and by the race distribution strategy. When near the end of tbe race, the athlete is usually willing to make an extra effort, and this was consistent witb the increase in V. An increase in V in the fourth section was attained only with an increase in SF, wbich counteracted a drop in SL. Swimmers demonstrated a compensatory increase in SF in order to overcome fatigue, and this prevented the slowing down of V. Maintaining or even increasing SL during the race would be too demanding. Wben fatigue arises, the decrease in SL is attributable to reduced ability to generate the force necessary for forward propulsion, and possibly to increased drag because of body misalignment (12) . In fact, SL decreased from the first to the fourth quarter of tbe race. The decrease in SL throughout the race bas also been well documented in young top-level swimmers (11, 24) . It is of interest to note that this strategy is generally similar during a period of more than 6 decades. In older swimmers, the reduction in SL could be augmented because of the pbysiological age-related loss in strengtb. Tbe percentage decline through the race was lower in younger compared to older groups, tbus supporting this hypotbesis. It would be of interest to compare the percentage reduction in SL in master and elite swimmers, but to the best of our knowledge these data are not available in tbe literature.
Unfortunately, no information about the swimmers' awareness ofthe race distribution strategy used is available in this study. This couid not be done in the present study because the research had to be conducted in a field laboratory at the side of the swimming pool, where carrying out this kind of survey witb athletes involved in a world championship competition would be difficult. Furtber multidisciphnary investigations seem necessary to address tbis issue and to explore the effect of a different chosen strategy on final performance.
Average V (both individual and mean values), calculated during the 200-m freestyle, decreased linearly with advancing age. This is in contrast with the findings of Donato et al. (13) who found a markedly accelerated rate of decline in swimming performance after about 70 years of age. However, they analyzed the 50-m and 1,500-m freestyle events and collected the results of the top 10 swimmers in their age group during a 12-year period. This is quite different from what was done in this study.
The overall magnitude of the reduction from group A to group G is 0.55 m s ^ (about 40%) and supports the previous findings of Rabe and Artbur (27) , who reported a decline of 1% per year, although they referred to swimmers aged 27.5-57. 5 .
From the analysis of the curves depicted in Figures  2-4 , the decline in V appears to be attributable mainly to SL until about the age of 65 and to SF thereafter. Interpretations of tbese facts must be made carefully because of the small sample size of groups F and G and the variance of tbe SF and SL data. SL is thougbt to be dependent essentially on force production capacity, specifically (a) forward propulsion (15, 17) , (b) the swimmer's technical ability to minimize active drag (1), and (c) level of upper body strength (5) . It is well known that, at least in young elite swimmers, the lower limbs contribute little to propulsion compared to the upper limbs (4, 34) , and it is generally recognized that age-dependent loss in strength is more pronounced in the lower than in the upper limbs (18) . However, Bemben et al. (3) sbowed tbat, in contrast witb previous findings, in healthy men ranging in age from 20 to 74, tbe greatest decline in force production with increasing age occuiTed for the forearm extensors. Furtbermore, tbe highest decline in maximal force production, maximal rate of force production, and maximal impulse occurred at an early age. It is tempting to speculate that the reduction in V is attributable mainly to a decrease in force production capacity until 65 years of age and to a weakening in metabolic efficiency thereafter. Indeed, SF has been associated more with energy production mechanisms (20, 36, 39) . However, because force and anaerobic energy production mechanisms are somewhat related to each other (20, 21) , the explanation is uncertain at present.
Considering equation 1, a progressive decline in V with advancing age could entail a decrease in botb SL and SF. However, the relative magnitude of reduction of the stroke parameters is peculiar. Based on tbe results presented, it could be argued that, in general, the ageing process affects SF more than SL. It can be hypothesized that once technical abilities are improved to one's best, tbey are maintained during the years and are only partially affected by the ageing process. On the other hand, it is interesting to note that in young swimmers, increase in V is dependent essentially on tecbnique and tberefore on improvement in SL (23, 29) . Moreover, in nonskilled swimmers, SL is the most important factor affecting performance and the effectiveness of force propulsion (26) . Findings from these studies and from tbe present study suggest that SL is the first stroke parameter swimmers need to improve, and its decline during the ageing process is considerably more delayed tban that of SF.
In conclusion, it can be said tbat, supporting the first hypothesis, a physiological decrease in V with advancing age was observecl. On tbe other hand, opposing tbe second hypotbesis, a steeper decline in SF compared to SL in men 50-90 years of age was demonstrated. Furthermore, an original perspective of the stroke parameters trend during the race sections and tbe entire race was presented, although stroke parameters' evolution during the ageing process must be confirmed.
PRACTICAL APPLICATIONS
The following implications can be drawn from this study: (a) Based upon the results ofthe present study, coaches should make an attempt to pay more attention to SL when a swimmer is training at intensities from maximal lactate steady state to maximal oxygen uptake, whereas during anaerobic training the focus should be on SF. (b) The rate of decline in SF with advancing age is higher than the rate of decline in SL; hence, a partial readdressing of the training programs could be taken into consideration, with special regard to the definition of the stroke parameters during the training sessions, (c) A different race distribution model could be tested in order to evaluate the effect on final performance and fatigue, (d) The number of master athletes who train for improving their performance has been growing in recent years. Therefore, the results presented in this study have the potential to give master swimmers and their coaches useful information for training program design.
